FIBER typeshave beenidentified in the skeletal muscle of most species. Several systems have been proposed for the identification of these fiber types (3, 5, 10, 24). In human muscle most investigators have identified only two distinctly different fiber types. These have been classified as type I and type II (7, 16) or red and white (9) fibers. Edstrijm and Nystriim (9) have reported differences in the percent distribution of these fibers both between different muscles and within the same muscles comparing different subjects. The interconvertibility of fiber types has been demonstrated in animals following cross-innervation (8). Barnard and co-workers (3) have also reported that physical training resulted in an increase in the percentage of red fibers at the expense of white fibers in guinea pig muscle.
In animals, endurance training can alter the metabolic characteristics of skeletal muscle by increasing the activity of some Krebs cycle enzymes, mitochondrial protein concentration, and the ability to oxidize fat (11, 12, 14) . Some of these changes have been observed in human skeletal muscle after training (15, 26). However, the metabolic characteristics and fiber composition in human muscle of trained and untrained subjects and how these relate to the activity of specific muscle groups and to performance characteristics have not been studied. The purpose of this investigation wai to approach this problem by studying groups of subjects who had been engaged in various types and intensities of training for prolonged periods of time.
SUBJECTS AND METHODS
Nine groups of men were employed in the study (Table 1) . These subjects were selected to represent different age groups and states of physical fitness and to encompass men who were participating in a variety of sport activities that used different muscle groups and training programs. Altogether 74 men between the ages of 17 and 58 years were studied.
Samples In some of the groups whose athletic specialty involved extensive use of the arms, Vo2 lI,as was also measured while cranking a specially adapted bicycle with the hands and arms (25). Expired air was collected in Douglas bags and its volume was determined with a wet spirometer.
Gas analysis was performed with the Haldane technique. The area of the muscle fibers from some subjects was determined by planimetry from the photographs of the sections used to determine DPNH-diaphorase activity. A total of 40 randomly selected cells, including 20 of each fiber type, were measured for each subject. Cell diameters were calculated from the area.
RESULTS
The intent of this investigation was to study subjects of different ages and states of physical training, some of whom were participating in various sport activities. The effectiveness of subject selection in meeting the fitness criteria is illustrated by the ii02 max during leg work (Table 1) Two fiber types were identified in the muscle samples examined in this study ( Fig. 1) . One possesses high, and the other low, myosin ATPase activity at alkaline pH (9.4). According to Barnard et al. (2), a high myosin ATPase activity under the conditions of our assay occurs in muscle fibers with fast twitch characteristics and a low activity in muscle fibers with slow twitch characteristics.
We have thus designated the two fiber types as fast twitch (FT) and slow twitch (ST).
As indicated by alpha-glycerophosphate dehydrogenase activity, FT fibers always have higher glycolytic capacity than ST fibers. The FT fibers generally have a lower oxidative capacity than ST fibers but it is apparent from DPNH-diaphorase activity that a continuum of oxidative capacity exists in both fiber types. In the center of this continuum there is a region where the oxidative capacity of the two fiber types overlaps. As will be shown subsequently, it appears that with training the oxidative capacity of both fiber types is enhanced. Thus, any classification system based either partially or solely on oxidative capacity would be difficult to apply objectively to all muscle samples.
A third fiber type having high myosin ATPase activity at alkaline pH and high oxidative capacity has been identified in skeletal muscle of various species (2). This fiber type has been called red (2), C (24), FT (5), and (r/3 (10). We have not seen this fiber type in the muscle samples studied. Ogata and Murata (19), however, have identified three fiber types in human intercostal muscle on the basis of SDH and Sudan black staining. These investigators, however, did not consider contractile characteristics as indicated by myosin ATPase activity.
The average fiber distribution in the samples of the deltoid muscle was 46 % ST and 45 % ST ( % FT fibers = lOO-ST fibers) for the untrained young and middle-aged groups, respectively (Table  1) . These samples contained from 14 to 60 % ST fibers in the young subjects and from 34 to 58 %. ST fibers in the middle-aged group. The average distribution of fibers in the lateral portion of the vastus lateralis muscle was comparable to that of the deltoid with the young subjects having 36% ST and the middle-aged group 44 % ST fibers. The range of fiber populations of this muscle was similar to that of the deltoid, 13-73 % ST fibers, for both the young and middle-aged groups. Edstrijm and Nystriim (9) have reported a similarly wide distribution of fiber types in human skeletal muscle.
The mean percentage of ST fibers in the muscles of the subjects who participated in endurance training was higher than in the sedentary groups. Although there were some exceptions, the highest percent of ST fibers was consistently found in the muscle which was most extensively engaged in the endurance work. The mean value for the leg muscle was about 60% ST fibers. The range of both ST and FT fibers within any specific group of endurance athletes was similar to that of the untrained groups. However, the low and high values were greater than those of the sedentary groups. ST and FT fibers were about equally distributed in both the deltoid and vastus lateralis muscles of the weight lifters. Fiber diameters and areas and the relative areas occupied by each fiber type in a muscle were determined on 25 samples that included 15 from the leg and 10 from the arm (Table 2) . These samples represented all of the groups and included six subjects from which measurements were made on both the arm and leg. The average area of the ST fibers for all samples measured was 5,423.6 and 5,406.5 p2 for the vastus lateralis and deltoid, respectively. FT fiber areas were about 20% larger than ST areas in both vastus lateralis (6,379.8 ~1~) and deltoid (6,295.7 p2). When comparisons were made for subjects where data were available from both leg and arm, ST fiber areas were 5,771.8 and 5,295.7 $, respectively.
In these subjects the ST fibers of MUSCLE  OF UNTRAINED  AND TRAINED  MEN   315   TABLE   2 . Fiber sizes, fio/xdations, and contribution to muscle area of several subjects the leg were 9 % larger and the FT fibers 8% larger than those of the arm. LMarked variations did exist between different muscles from the saute subject and between subjects. For several subjects (DM, BL, and DF) ST fibers were 'larger than FT fibers (Table 2, Fig. 1 C) .
With several exceptions, both fiber types of trained subjects were larger than those of the sedentary individuals. The type of training also seemed to have an influence on the relative size of the two fiber types. In subject iWY (weight lifter) the fibers of the leg were only about 9 % larger than those of the arm. However, in both the arm and the leg FT fibers were more than 60% larger than the ST fibers. In contrast, the ST and FT fibers in the arm of canoeist BL were 26 and 64 % larger, respectively, than in the leg. In subject SH, a swimmer, the ST fibers of the arm were 24 c/c; larger than those of the leg, whereas the FT fibers of the arm w&e 5 % srnaller than those of the leg. In this subject both fiber types in the arm were about equal in size, but in the leg FT fibers were 40 % larger than ST fibers. These examples illustrate the effects of extensive training of the arm on fiber size. In subject JR, a bicyclist, ST and FT fibers in the arrn were 37 and 26 % smaller, respectively, than *See Table 4 those of the leg. FT fibers in the arm were 34 % larger than ST fibers, but in the leg this difference was only 15 % . In all of these examples, the area of the fibers in the trained subjects was larger than that of the untrained subjects. The relative area of a muscle occupied by a given fiber type was quite different in nonendurance as compared to endurance athletes. In the untrained subjects the area composed of ST fibers ranged from 24.5 to 53.2 % . Low values in nonendurance athletes included 17.3 'Xl in the leg of a weight lifter and 21.9 % in the leg of a sprinter. In contrast, the area occupied by ST fibers was 80.1 % in the leg of a distance runner (DA!), 84.4 and 73.7 "i;, in the arm and leg of a swimmer (SH), respectively, and 74.5 %: in the arm of a canoeist (BL).
From the data presented above and in SDH activities in the untrained subjects, both young and middle-aged, were about 3.5 and 4.4 ,urnoles/g ruin--l for the arm and leg muscles, respectively (Table 1 ). The SDI-I activities of the arm and leg muscles of the weight lifters were 30 % less than those of the untrained subjects. SDH activities of the arm and leg muscles of the remaining trained groups were from 20 to 150 %I higher than the means of the sedentary groups.
The highest individual SDH activities were found in the leg muscle of a bicyclist (12.4 pruoles/g min-I) and arm muscle of a swimmer (9.9 plnoles/g min-l). SDH activities were highest in the most active muscles both for the trained and untrained subjects. In the untrained groups the SDH activity of the leg muscle was 25 % greater than that of the arm. In those groups whose training involved leg work the SDH activities of the deltoid muscle average 15-20 % more than that of the untrained subjects. In these same subjects, SDH activity in the leg muscles was 55 ';i higher than that of the arms. In the. group of rniddleaged orienteers the activity of the vastus lateralis was 40 % higher than that of the deltoid muscle. Even greater differences existed between the untrained groups and those subjects whose sport event involved extensive use of the leg or arm muscles. Differences between muscles in the same subject also became more pronounced in the well-trained groups. In the case of the bicyclists, the SDH activity of the leg muscle was 2.5-fold greater than that of the sedentary subjects. The activity in the arms of these subjects was 70 % higher than the untrained subjects, but only 55 % that of the legs. SDH activities of the deltoid muscle of the canoeists and swimmers were 2.2-and 2.4-fold higher, respectively, than those of the untrained groups. In these subjects SDH activities were higher in the arm than leg muscles. These findings suggest a specific localized training effect. Although PFK activities were not determined for all groups, there was no difference among groups or between the muscles within a given group. Average values were from 19 to 29 prnoles/g rnin-l, with the lowest mean found in the group of subjects engaged in different sport activities and the highest mean value found in the leg of the swimmers (Table 1) .
The import activity and sarnpling the jects (includi .ance of variation in fiber cornposition vastus lateralis at ng trained and u the biopsy site on enzyme was also investigated by different sites in 18 subntrained).
The standard sampling site used in these experiments was 12-16 cm above the patella at a depth of 4 cm in the muscle. Alternate sites were 4 cm above or below this point. The standard deviation of the differences between these sarnpling sites was 0.46 and 3.86 pr-noles/g min-l for the SDH and PFK. activities, respectively, and 4. 6 for the percent di stribution of the fibers. Although this represents a small degree of variability, it does illustrate the need for a standard sampling site. Variations in depth of the biopsy might also affect enzyme activities and fiber size and distribution. However, this was not determined in the present investigation. RNA in the deltoid and vastus lateralis muscles was determined only in the bicyclists, weight lifters, middle-aged orienteers, and swimmers. The mean values for these groups were 1.5 and 1.7 pg/g for the arm and leg, respectively. _Xo significant differences existed among groups or between the two muscles studied.
Since these groups included both a wide range of ages (17-58 years) and different sport activities, it appears that only minor differences may be attributed to these factors.
Muscle glycogen concentrations of the trained subjects were generally higher than those of the sedentary individuals (Table 3) . It was also apparent that for a single subject the glycogen content was highest in the muscle that was used most extensively in the sport activity. Examples are subject JR (bicyclist), where the highest glycogen content existed in the leg muscle, and subjects SH and BL (swimmer and canoeist), where the pattern was reversed. Based on PAS staining, it appears that no uniform pattern for the storage of glycogen in the two fiber types in skeletal muscle exists. Examples of some of the patterns observed in this study are presented in Fig. 3 . In some instances it was irnpossible to distinguish differences in glycogen concentration between the two fiber types (Fig. 3, A and C) . The glycogen content of the tissue in Fig. 3,4 was low (84 111~ MUSCLE OF UNTRAINED i\ND TR.4INED MEN glucose units/kg), and that in Fig. 3C high (178 111~ glucose units/kg).
In other examples (Fig. 3 , E and G) the pattern varied with either ST or FT fibers staining more intensely. In many muscles the pattern alternated (Fig. 3G) . The ability of ST fibers to accumulate glycogen is illustrated by subject DM whose muscle contained 75 % ST fibers and a high glycogen content (127 1nM glucose un.ts/kg).
DISCUSSION
The identification of only two fiber types in human muscle in the present study agrees with several earlier reports. (7, 9, 16) . In contrast to these earlier observations we have chosen to identify fibers on the basis of contractile characteristics.
The from the trained subjects was higher than that of the sedentary subjects (Fig. 1) . This is evidence of the adaptability of oxidative capacity in both fiber types. In some of the trained groups (Fig. l) , the DPNH-diaphorase activity of the FT fibers appeared to have been as great or greater than that of the ST fibers in the muscles of the untrained groups. The ST fibers in the muscles of the highly trained subjects also appeared to have been more oxidative than the ST fibers from the untrained subjects. This was characterized by a dark subsarcolemmal DPNH-diaphorase stain. In the subjects with the highest SDH activity the DPNH-diaphorase activity of the FT fibers approached that of the ST fibers.
The Subject RP, a world champion canoeist, and subject JR, an exceptional bicyclist, both had approximately equal distributions of the two fiber types in the leg and arm muscles, whereas subject DM, a distance runner, had a predominant number of ST fibers (75 %)) in the vastus lateralis muscle. The high levels of SDH activity in the muscles of subjects JR and RP were the result of a high oxidative capacity in both fiber types as indicated by the DPNH-diaphorase activity.
Another difference between these athletes was their ability to perform sprint work. Roth subjects RP and JR possessed high capacity for sprint work. Subject RP has performed best in relatively short-distance events, whereas suhjert DM is best at long distances and has limited sprint capability.
Subject JR has been able to perform prolonged endurance work and then to sprint near the end of the competition.
Subject DF, with 55 % ST fibers, is a middledistance runner (4:04 mile and 1 : 51 half-mile).
Subject NP (74 5 FT fibers) is a sprinter (9.3-set 100 yd). The differences in the fiber composition of their muscles may be responsible, at least in part, for these performance characteristics. It is also interesting to note that the Vo, max of subject RP was greater during arm than leg work. This was no doubt related to the extensive training of his arm for canoting. Similar comparisons can also be made between subject ,ilB, a swimmer competing in 400-and 1,500-m events, and subjects JR and RR Another interesting example is subject CS, who in 1969 had a vo 2 lllaX of 5.6 liters/min and finished third in the world championship bicycle competition.
Due to an inability to continue top training his Vo2 I l l ax had declined to 4.8 literjmin at the time of this study. However, his vastus lateralis contained 73 % ST fibers and had an SDH activity of 8.2 pmole/g min --I. These characteristics are indicative of a high capacity for areobic work. In subject BA, a retired weight lifter who is still somewhat active in other sports, FT fibers in the leg were dominant (76 %), whereas SDH activity was only average (4.47 pmoles/g min-I). The muscle samples from some of the untrained subjects . possessed percentages of ST fibers equal to or higher (70-85 'r,) than the endurance athletes even though VOW max and SDH and DPNH-diaphorase activities were much lower. In every case the highly trained endurance athletes possessed high SDH and DPNH-diaphorase activities. These two characteristics appear to be well related. Since the SDH activity and DPNH-diaphorase activities can vary dramatically in both fiber types, and athletes with high percentages of FT fibers can still possess extremely high oxidative capacities, it would appear that the adaptability of the fibers for aerobic metabolism may be a more important factor in training and performance than the basic composition of the muscle. One question currently being redebated is whether the oxidative capacity of the muscles or the transport capacity of the cardiovascular system is the limiting factor for VO, lT,ax. This question can be approached from the standpoint of the oxidative potential of the muscles based on SDH activities. For such a consideration it should be pointed out that SDH activities were measured at 25 C in the present study, and that at a normal body temperature of 37 C there is a W-fold increase in activity (6). If it is assumed that the Tj02 capacity of skeletal muscle is equal to the conversion rate for succinate, 1 kg of skeletal muscle, such as the vastus lateralis from the sedentary groups, could consume 0.6 liter 0 2/min.
For the bicyclists (SDH activity of 11.0 pmoles/g min-l), this value would be 1.6 liters 0 z/kg min-l. Under these conditions total body oxygen consumption during maximal work could occur in 6-7 kg of muscle for
